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a b s t r a c t
The surface wettability of biomaterials determines the biological cascade of events at the biomaterial/
host interface. Wettability is modulated by surface characteristics, such as surface chemistry and surface
topography. However, the design of current implant surfaces focuses mainly on specific micro- and nano-
topographical features, and is still far from predicting the concomitant wetting behavior. There is an
increasing interest in understanding the wetting mechanisms of implant surfaces and the role of wetta-
bility in the biological response at the implant/bone or implant/soft tissue interface. Fundamental knowl-
edge related to the influence of surface roughness (i.e. a quantification of surface topography) on titanium
and titanium alloy surface wettability, and the different associated wetting regimes, can improve our
understanding of the role of wettability of rough implant surfaces on the biological outcome. Such an
approach has been applied to biomaterial surfaces only in a limited way. Focusing on titanium dental
and orthopaedic implants, the present study reviews the current knowledge on the wettability of bioma-
terial surfaces, encompassing basic and applied aspects that include measurement techniques, thermody-
namic aspects of wetting and models predicting topographical and roughness effects on the wetting
behavior.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction
The surface wettability of a biomaterial in combination with
other surface characteristics, such as the micro- and nanotopogra-
phy, surface energy, charge and functional groups, determine with
unknown influential weight the biological cascade of events at the
biomaterial/host interface that encompasses from protein adsorp-
tion to hard- and soft-tissue interactions to bacterial film forma-
tion [1–10]. Decades of interdisciplinary research in the field of
dental biomaterials led to the clinical success of titanium implants
for bone applications. After recognizing that titanium can establish
an intimate and direct interaction with bone, termed osseointegra-
tion, the metal and its alloys have been used for more than 40 years
in the partly or full edentulous mandible and maxilla, as root
replacement for the anchorage of prostheses, crowns or bridges
[11–13].
Albrektsson et al. pioneered the concept of a possible role for
surface finish on the biological response to an implant [14]. Since
then, tremendous efforts have been made to gain deeper insight
into the role of surface topography for bone formation. A prerequi-
site has been to properly describe surface topography by
measuring the length-scale dependent surface roughness. After
separating short-wave roughness from long-wave waviness (e.g.
Gaussian filtering), a set of roughness parameters is acquired for
the parameterization and quantification of topography [15]. These
parameters, extracted from two-dimensional (2-D) surface profiles
or three-dimensional (3-D) surface topographies, can be assigned
to different groups such as surface height, spatial, hybrid or func-
tional parameters. Guidelines developed for the characterization
of implant surfaces suggest that topographical descriptions should
include a set of roughness parameters from each of these groups
[16].
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Until today, however, clinical studies have often lacked any
investigation of implant surface roughness or give only limited
information of the topographies by presenting only the 2-D mean
average roughness, Ra, or the 3-D analog, Sa. A recent systematic re-
view of in vivo data on bone response to titanium surface topogra-
phy concluded that moderately rough surfaces with Sa between 1
and 2 lm seem to better optimize osseointegration at the dental
implant/bone interface than smoother ( < 1 lm) or rougher
( > 2 lm) surfaces [17]. However, average roughness values above
2.5 lm have also been shown to be very successful clinically
[18–21]. Roughness analyses of clinical dental implants (i.e. cylin-
drical shaped) are yet not standardized, and absolute values of sin-
gle roughness parameters have to be compared and interpreted
with caution. Very recently, the focus has shifted from evaluating
solely microtopographical surface features to include the analysis
of the role of nanotopographical surface irregularities in the cas-
cade of events at the implant/bone interface [22–24].
Based on biomaterials studies in the 1980s [25–27], later stud-
ies focused in more detail on the role of material surface properties
in the wound healing response and formation of new bone around
the implant [28–30]: surface chemistry and specific surface energy
(i.e. surface free energy, surface tension), in addition to surface
topography, were revealed to be critical factors that could affect
cellular response. Some studies have also evaluated the role of
conditioning films (e.g. the surface-dependent formation of the
acquired macromolecular salivary pellicle), which influence bacte-
rial plaque accumulation associated with implant failure (i.e.
peri-implantitis) [31].
Compared to the large number of studies highlighting the role
of surface topography on the biological response, relatively few
studies have been reported within the last two decades on the wet-
tability or surface energy of dental and orthopedic implants. Re-
cently, however, an increasing number of studies have addressed
the wetting behavior of dental implants. Our group reported an
in vitro study on the hydrophilicity of marketed dental implants
from several manufacturers [32]. In addition, the role of wettability
on titanium implants was recently evaluated both in vitro [3,33]
and in vivo [34,35]. Still, correlations between surface wettability
and corrosion, which have been thoroughly evaluated in materials’
oriented disciplines such as atmospheric corrosion [36], are only
beginning to be determined in the dental implant field.
Our aim is to contribute to the scarce information on the liter-
ature on theoretical and experimental aspects of wettability in the
field of biomaterial and implant surfaces. This review addresses
physicochemical aspects of implant wettability with a special focus
on the wetting behavior of titanium implants. First, we review the
basic aspects concerning different approaches for the measure-
ment of wettability of experimental samples and of clinical
implants by contact angle (CA) analysis. Second, a description fol-
lows of the fundamental role of specific surface energy for the wet-
ting behavior. Finally, different aspects concerning the influence of
roughness on the wetting behavior are highlighted. To avoid mis-
interpretations, the terminology used in this review concerning
the different types of theoretically derived and experimentally
accessible contact angles (CAs) follows the definitions of Marmur
[37].
2. Experimental approaches to the analysis of wettability
Several common approaches for the analysis of surface wetta-
bility have been adapted to titanium implant surfaces. The most
common approach to gain insight into the wetting behavior of a
given solid material is called the sessile drop technique, in which
a drop of a desired wetting liquid is placed on the surface of the
specimen, and the angle between the tangent of the drop at the
solid/liquid/gas three-phase boundary and the horizontal baseline
of the solid surface is measured (Fig. 1a). This angle, the so-called
contact angle (CA or h), quantifies the wetting of the surface by
the specific liquid used.
For example, the CA characterizes the hydrophilicity of the sur-
face if water has been used as the wetting agent. In principle, the
CA can range from 0 to 180, indicating that the wetting liquid is
being drawn towards the surface (i.e. spreading of the drop) or is
being repelled by the surface (i.e. beading of the drop), respec-
tively. Water CAs lower than 90 designate surfaces as hydrophilic,
while CAs very close to 0 ascribe surfaces a superhydrophilic char-
acteristic. Surfaces with water CAs above 90 are considered hydro-
phobic, and surfaces with CAs above 150, where the wetting is
strongly hindered, are often termed superhydrophobic surfaces.
Fig. 1. Contact angle as measured by different techniques: (a) sessile drop
technique, (b) captive bubble technique and (c) the Wilhelmy balance technique.
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Surface characteristics can influence the measured CAs, and the ba-
sic principles of how surface roughness, specifically, can affect wet-
ting are highlighted in Section 3. It has to be noted that the
terminology of wetting is not well defined and suggestions for a
more precise classification methodology and terminology have
been recently published [38].
In the case of the sessile drop technique, two main types of
forces produce the shape of the drop: surface tension forces, which
tend to minimize the total surface energy of the droplet by produc-
ing a spherical shape with the proper contact angle; and the grav-
itational force, which tends to flatten and spread the drop over the
surface. The competition between these two effects is expressed by
the dimensionless Bond number (Bo), which is defined by:
Bo ¼ qr
2g
clv
¼ r
Lc
 2
ð1Þ
where clv is the liquid–vapor surface tension, q the liquid density, r
a typical radius of the drop, g the gravitational acceleration and Lc is
defined as the capillary length (Eq. (2)). A low Bond number ( < 1)
indicates that surface tension dominates, whereas a high Bond
number indicates stronger gravitational effects. In the case of a very
strong gravitational influence caused by a large drop volume, the
drop does not have a spherical shape but instead ends up with an
elongated and flattened shape that is less convenient for CA mea-
surements. For gravity to be negligible according to Eq. (1), the base
radius of a sessile drop has to be smaller than the capillary length Lc
of the liquid used:
Lc ¼
ffiffiffiffiffiffi
clv
qg
r
ð2Þ
Thus, to avoid gravitational deformations using water as the
wetting liquid, the volume of the drop resting on a horizontal sur-
face should be small enough to form a drop shape with a base ra-
dius below Lc of 2.7 mm. In practice, water droplets of 1–5 ll are
commonly used. Besides water, other liquids are in use for CA mea-
surements and surface free energy estimations, such as ethylene
glycol (LC = 2.1 mm) and diiodomethane (LC = 1.3 mm). To avoid
gravity-caused deformations, these liquids with lower LC require
droplets with correspondingly smaller volumes (usually 1–2 ll)
to obtain a resting droplet with spherical shape in the course of
CA analysis. When considering surface roughness, the base radius
of a sessile drop should be about three orders of magnitude larger
than the typical dimension (wavelength) of heterogeneity (i.e. sur-
face roughness or chemical variation) for accurate CA measure-
ments, leading to the general suggestion to use drops as large as
possible relative to the scale of the roughness for the appropriate
characterization of apparent CAs [39–42]. Therefore, the drop vol-
ume used for a specific wetting experiment should be carefully
chosen considering the wetting liquid, the base radius of the sessile
drop and the roughness properties of the surface under investiga-
tion. Defining the ideal drop volume for accurate CA measurements
is still under intense research.
In recent years, novel experimental techniques for producing
and imaging nanoscale droplets were developed, allowing wetting
analysis with much better spatial resolution than with classical
macroscopic approaches. Atomic force microscopy (AFM) has been
combined with different techniques for the direct deposition of mi-
cro- and nanosized droplets such as atomizers or electrospraying,
thus allowing high accuracy measurement of contact line curva-
ture and contact angle [43,44]. Another interesting technique is
environmental scanning electron microscopy (ESEM), which allows
real-time observation of the in situ nucleation of micrometer-sized
droplets in its low-vacuum video-monitored chamber [33,44–46].
Both of these techniques have increased our knowledge in this
challenging field.
Problems using small drops arise on the one hand from evapo-
ration and on the other hand from line tension limitations.
Whereas CAs of macroscopic droplets are not significantly influ-
enced by evaporation during the measurement time, such
phenomena cannot be neglected if ultrasmall droplets are experi-
mentally produced on surfaces, which limits the time available
for CA measurements [44]. Furthermore, line tension may interfere
and cause variations in the CA measurements of smaller nanoscop-
ic drop sizes, making the analysis of the results possibly very com-
plex [47–49]. Keeping in mind the above mentioned requirements
for the drop size, the respective wavelength of roughness underly-
ing the drop and influencing the CA also has to be considered, be-
cause nanoroughness influences the CA in these cases rather than
microroughness. Fig. 2 summarizes critical factors that influence
the shape of a sessile drop dependent on the drop volume and
the surface topography.
Regarding biological events at rough implant surfaces, our focus
is shifting frommicroscale to nanoscale features that obviously not
only influence cellular interactions but also interfere with macro-
molecules that form conditioning films under physiological condi-
tions (e.g. on implants facing blood or saliva) [6]. Therefore,
considering the important role of nanoscale features at biomaterial
surfaces, wettability studies using nanodroplets may shed new
light on the underlying interfacial reactions.
Generally, the sessile drop technique, if properly done, allows
the measurement of a few types of contact angles. ‘‘Static’’ mea-
surements investigate the equilibrium shape of the droplet after
spreading has finished (the term ‘‘static’’ may be misleading, since
the process of spreading is dynamic). This is a less recommended
methodology, since it may lead to different results in different labs
[50,51]. The CA that should be reproducible and susceptible to
theoretical analysis is the most stable CA [50–52], which may
be reached after exposing the drop to controlled vibrations.
‘‘Dynamic’’ measurements are realized by moving the interface,
so that the water front moves towards the vapor phase or moves
away from it. The highest measured CA in the former experimental
situation is the advancing CA, the latter is the receding CA (again,
the term ‘‘dynamic’’ is somewhat misleading since the motion of
the liquid front is dynamic, however the measured CAs represent
(metastable) equilibrium states). A moving interface can also be
investigated by increasing and decreasing the drop volume, which
can be achieved by adding and removing liquid with a syringe in
direct contact with the drop, while continuously monitoring the
drop shape to capture the largest and lowest possible angles,
respectively. The difference of advancing and receding CAs, what
is called the CA hysteresis, is highlighted in detail in Section 3.
Sometimes it is difficult to get reliable results for dynamic CAs
by the sessile drop technique due to disturbances on the drop
geometry by the syringe needle, especially in the case of very small
receding angles.
An alternative method for dynamic CA measurements is the so-
called Wilhelmy plate method [53–55]. This method uses force
measurements for CA calculations acquired by dipping a sample
Fig. 2. Critical factors that influence the shape of a sessile drop dependent on the
drop volume: line tension at nanodroplets, the drop size in relation to surface
waviness and gravity induced deformations at larger drops.
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of known geometry, fixed to an electrobalance, into the wetting li-
quid (Fig. 1c). The total force acting on a sample of rectangular
shape (i.e. a plate) partially immersed in a wetting liquid is com-
posed of the sample weight (FG) and the Wilhelmy force (FW)
minus the buoyancy force (FB) [56]:
F ¼ FG þ FW  FB ¼ mg þ coshLclv  Vqg ð3Þ
where F is the total force exerted on the liquid, m is the mass of the
sample plate, g is the acceleration due to gravity, h is the contact an-
gle, L is the perimeter of the immersed sample (wetted length), clv is
the liquid–vapor surface tension, V is the volume of the immersed
part of the sample and q is the density of the liquid. Eq. (3)is sim-
plified first by a reset of the balance to zero before each run (i.e.
FG = 0) and second by a linear regression of the detected immersion
and emersion forces to zero immersion depth (i.e. FB = 0), thus elim-
inating both weight and buoyancy and making the CAs easily acces-
sible via the tensiometric forces.
cosh ¼ FW
Lclv
ð4Þ
One advantage of the Wilhelmy plate method is that receding
CAs can be just as easily accessed as advancing CAs. This is possible
by a time-resolved detection of force values during continuously
immersing and emerging the sample into the liquid [57]. Another
advantage is that long-term measurements are possible because
wetting is not disturbed by evaporation as fast as with small sessile
droplets. Some drawbacks exist that limit the application in some
cases. One of them is that the reported angle is the average over the
entire perimeter line of intersection of the liquid with the solid. If
the front and back faces of a sample disc have been treated differ-
ently, then the average value may have little significance, and the
same is true if the surface energy is not highly uniform across the
area of interest [57]. However, this may also be an advantage be-
cause the method yields very accurate average values, which is
not possible to access on a large area by sessile droplets. The Wil-
helmy method requires a clear knowledge of the sample geometry
concerning the respective perimeter at each immersion depth. Fur-
thermore, to calculate the CAs from the Wilhelmy force loops, one
has to first measure the surface tension of the liquid. However, sev-
eral methods are available to experimentally access the surface
tension; one of them, the Wilhelmy plate method itself, uses for
this purpose a plate with a well-defined surface with a given CA
of 0. The Wilhelmy balance method has been reported to be the
most accurate and least subjective technique for measuring CA
hysteresis [54,58]. A simple Wilhelmy experiment consists of one
single immersion and emersion run and may result in a typical
force loop as depicted in Fig. 3.
Whereas both the sessile drop and the tensiometric Wilhelmy
technique have been often applied for investigations of titanium
specimens, another technique, the captive bubble technique, also
allows an experimental approach to CAs [59]. This inverse tech-
nique evaluates the air/water interface by submerging a solid
material in the wetting liquid and dispensing from a capillary syr-
inge an air bubble underneath the solid (Fig. 1b).The receding CA is
measured by increasing the volume of the bubble, whereas the
advancing CA can be captured by retracting back the air into the
syringe and reducing the volume of the bubble. This method ap-
pears to be especially suitable for hydrophobic materials [60]. Ta-
ble 1 summarizes advantages and drawbacks of goniometric and
tensiometric techniques.
3. Thermodynamic aspects of wetting: Young’s equation and
surface free energy
Before the basic aspects of how roughness influences wetting
are discussed in Section 4, it is essential to describe in more detail
an axisymmetric drop resting on a smooth surface. Given that the
drop rests on an ideal flat and homogeneous surface in thermody-
namic equilibrium, the drop shape with the characteristic ideal
CA h is solely formed as a result of the liquid/vapor (clv), solid/li-
quid (csl), and solid/vapor (csv) interfacial tensions, according to
Young’s equation that was published over 200 years ago [61]:
cos hYoungclv ¼ csv  csl ð5Þ
The interfacial tensions acting at the three-phase line are visual-
ized in Fig. 4a. Generally, surface tension is caused by the asymme-
try of the cohesive forces of molecules at a surface compared to
Fig. 3. Exemplary force loop of the Wilhelmy balance method showing one
advancing and one receding force curve indicating thermodynamic CA hysteresis.
From the respective curves, the advancing and receding contact angles are
calculated.
Table 1
Advantages and drawbacks of different measurement techniques for static, advancing (adv.) and receding (rec.) contact angles (CAs).
Sessile drop Captive bubble Wilhelmy balance
Sample type (geometry) Discs, plates (arbitrary form) Rectangular plates, cylinders, fibers
(geometrically defined perimeter)
Sample type (surface) Frontside of interest may differ from the backside Both sides have to be identical
Surface heterogeneity Heterogeneity captured by individual measurements at different positions.
Averages not accurate
Heterogeneity not detectable. Accurate average
over the wetted length at each immersion depth
Accuracy of CA analysis Dependent on algorithms for drop shape analysis and on individually positioned
baselines
Dependent on the interval chosen for linear
regression
CA hysteresis Complicated, especially for small rec. CA
due to the syringe sticking in the drop
By changing the air bubble volume
adv. and rec. CAs can be measured
Rec. CAs as easily measured as adv. CAs. Multi-
loop runs reveal kinetic hysteresis
Liquid volume Dependent on capillary length Lc of liquid
and wavelength of surface heterogeneity
Higher amounts of liquid necessary
Dehydration of the solid Sensitive, a dry surface is investigated Unproblematic, the material is
immersed
Sensitive, the material/air interface is moving
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molecules in the bulk where each molecule has surrounding
partners resulting in a net force of zero. Correspondingly, the sur-
face energy is minimized in the bulk, whereas at the surface the en-
ergy is increased due to the missing surrounding molecules.
Therefore, to reduce surface energy, the surface area has to be min-
imized, thus resulting in phenomena like spherical water drops or
the spreading of aqueous liquids on higher energetic surfaces.
Whereas the CA and the liquid’s surface tension (clv) are experi-
mentally accessible, this is not the case for the solid/liquid (csl)
interfacial tension or for the surface tension of the solid (csv), often
denoted the specific free energy (Gibbs energy) of the solid surface.
As seen from Young’s equation, only the wetting tension csv–csl, but
not the surface tension of the solid itself is experimentally accessi-
ble. Fig. 4b shows interrelations of the wetting tension and the CA.
Wetting is favored by combining high energetic solid surfaces
and wetting liquids with low surface tension. As mentioned above,
during wetting, the exposed area of a high energetic surface is re-
duced in favor of a solid/liquid interface, thus lowering the energy
of the complete system as much as possible to reach a (meta)stable
equilibrium state. A plausible way to enhance wetting, which has
been associated with improved implant success, is therefore to in-
crease the surface tension of biomaterials [10,34,62]. Any wetting
with a CA below 90 requires a positive wetting tension, consider-
ing the respective wetting tensions of aqueous bioliquids of inter-
est. Water itself is a relatively high energetic polar liquid due to the
formation of hydrogen bonds. The surface tension of water is
73 mNm1 at room temperature. In contrast, the surface tension
of blood has been measured at 52 mNm1 at 37 C [63], and that of
(a) 
 (b) 
Energetic 
relationship
CA 
relationship
Optical 
representation
Macroscopic 
result
High wettability
Complete wetting 
(spreading)
Low wettability
Non-wetting
Fig. 4. (a) Schematic diagram showing the static contact angle of a liquid droplet on an ideal solid surface and the graphical derivation of Young’s equation. (b) Interrelations
between wetting tension and the wetting of a solid. To improve wetting, the surface tension of the wetting liquid should be lower than the surface tension of the solid
substrate.
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saliva has been reported in the range of 53.4 to 63.2 mNm1
[64,65].
Besides Young’s equation, an additional equation is necessary to
acquire information about the surface free energy of a solid mate-
rial of interest. Several empirical or semi-empirical approaches
have been proposed to estimate this important surface parameter.
The geometric mean calculation of surface free energy, an ap-
proach often used in materials science, divides the total surface
free energy ctot of a solid or a liquid in hydrogen bonding (polar)
cp and non-polar cd components:
ctot ¼ cp þ cd ð6Þ
Owens andWendt proposed that the geometric mean combined
the polar and dispersion components of the solid and liquid surface
interfacial energies [66]:
csl ¼ csv þ clv  2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cdsv  cdlv
q
 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cpsv  cplv
q
ð7Þ
After combining Eq. (7)with Young’s equation (Eq. (3)), the follow-
ing linear equation (y = ax + b) can be obtained:
1þ cos h
2
ylvffiffiffiffiffiffi
cdlv
q ¼ ffiffiffiffiffifficpsvq
ffiffiffiffiffiffiffiffiffiffi
cplv
cdlv
þ
s ffiffiffiffiffiffi
cdsv
q
ð8Þ
Thus, CA measurements with several test liquids can provide
estimates of the polar and dispersion components of the surface
free energy, when subjected to linear regression, by calculating
y-axis intercepts and slopes, respectively, and using the squared
value. Kaelble proposed taking the mean of paired CAs of two test
liquids with known total surface tension and polar and dispersive
components to calculate the solid’s energy values according to the
Owens–Wendt equation [67].
The Lifshitz-van der Waals/acid–base (LW–AB) approach also
divides the total surface free energy of solids or liquids in compo-
nents, which in this case are the nonpolar Lifshitz-van der Waals
(LW) and the polar Lewis-acid–base (AB) components [68].
ctot ¼ cLW þ cAB ð9Þ
The electron acceptor c+ (Lewis-acid) and the electron donor
c (Lewis-base) components are related to the total acid–base
component cAB according to the following equation:
cAB ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
cþc
p
ð10Þ
The manner in which the solid and liquid surface tensions are
combined to yield the solid/liquid interfacial tension differs drasti-
cally between the cLW and cAB components [69], so that finally one
of the two unknowns in the Young equation, csl, can be calculated
as follows:
csl ¼
ffiffiffiffiffiffiffiffi
cLWsv
q

ffiffiffiffiffiffiffiffi
cLWlv
q 2
þ ffiffiffiffiffiffiffiffiffiffifficþsvclvp þ ffiffiffiffiffiffiffiffiffiffifficþsvclvp 
 2 ffiffiffiffiffiffiffiffiffiffifficþsvclvp  ffiffiffiffiffiffiffiffiffiffiffifficsvcþlvq  ð11Þ
Similarly to the geometric mean approach, CA measurements
with different liquids enable the determination of the electron
acceptor and electron donor components of the solid. However,
CA data of three liquids with known surface tension components
cLW, c+, c are needed, since after combining with Young’s
equation, three unknowns are in the final expression using the
LW–AB approach, as shown below:
ð1þ cos hÞclv ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWsv cLWlv
q
þ ffiffiffiffiffiffiffiffiffiffiffifficþsvclvp  ffiffiffiffiffiffiffiffiffiffiffifficsvcþlvq
 
ð12Þ
Bellon-Fontaine et al. [70] found serious deviations between
surface free energy (SFE) values calculated by different approaches.
Combe et al. [71] clearly demonstrated and discussed problems re-
lated to SFE measurements and calculations. For example, there is
currently no standard procedure for which test liquids should be
used, and literature data on thermodynamic properties of many
liquids are contradictory. Furthermore, the choice of the set of liq-
uids has to be done carefully to avoid errors during SFE calculations
[72]. In addition, there is an ongoing discussion on methods for SFE
calculations based on CA data [73]. Above, two common ap-
proaches for SFE estimation have been reviewed. More detailed
information about different mathematical methods is given by
Sharma and Rao [74]. Compared to other approaches, the LW–AB
method has shown the most internal consistency when applied
to microbial cell surfaces [74] and therefore currently seems to
be a sophisticated method for the characterization of the thermo-
dynamics of biomaterial and biological systems [75,76]. Also other
approaches, such as the Zisman approach that allows the calcula-
tion of the so-called critical surface tension, have been applied
on dental implant materials [28]. Recent efforts to find a correla-
tion between interfacial tensions and corresponding surface
tensions [73] have to be evaluated closely for their possible impor-
tance in the biomaterials field.
E. A. Vogler ascribed to the adhesion tension (wetting tension) a
more predictive role for biological responses than to surface
energetic parameters [77]. In contrast to the above described tech-
nical dividing line between hydrophilic and hydrophobic at a water
CA of 90, corresponding to an adhesion tension of zero, Vogler de-
fined hydrophobic surfaces already as those exhibiting water
CA > 65 corresponding to an adhesion tension < 30 mN cm1. In-
deed, it seems logical to discuss interfacial reactions in aqueous
biosystems primarily in terms of water wettability, hydrophilicity
and water surface tension. Based on these experimentally accessi-
ble primary data, derived secondary data on surface energy param-
eters (e.g. total SFE and polar/dispersive components of SFE) might
be calculated and carefully be interpreted.
4. Roughness induced wetting: Theoretical aspects and practical
applications
4.1. Wetting phenomena on titanium implant surfaces
Young’s equation has been the focus of controversial discussion
because of its theoretical derivation and the fact that it is almost
impossible to prove experimentally [44]. Real surfaces are charac-
terized in almost all cases by a certain degree of roughness and/or
by chemical heterogeneity, thus inducing deviations from an ideal
surface. These deviations cause changes in the wetting behavior
of a rough and heterogeneous surface compared to a smooth and
homogeneous one. Static CAs on smooth titaniumhave shown great
variations, dependent on the history of cleaning and storage. Water
CAs on air stored samples have been 70 to 90, with much lower
CAs found directly after plasma treatments, for example. However,
after roughening titanium (e.g. by blasting and/or etching treat-
ments), CAs may increase to as high as 150, exhibiting almost
superhydrophobicity [32,33,78]. Another wetting phenomenon
that can be observed on titanium implant surfaces in the course
of dynamic CA measurements is CA hysteresis. CA hysteresis indi-
cates, in general, the absence of ideal surface conditions and may
be caused by one or more of the following issues: surface deforma-
tion; swelling; molecular adsorption from the liquid phase and re-
orientation of surface groups; or by chemical heterogeneity and
roughness, which is mainly the case for solid polymeric, ceramic
or metallic biomaterial surfaces [57,79,80].
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Real surfaces show significant differences in the way an advanc-
ing water front wets the surface and the way receding water de-
wets the pre-wetted surface. The corresponding advancing and
receding CAs (hadv, hrec) observed during measurements of an im-
plant surface may differ by only few degrees up to several tens
of degrees in cases with considerable CA hysteresis Dh:
Dh ¼ hadv  hrec P 0 ð13Þ
Fig. 5a–f shows force curves detected by tensiometric Wilhelmy
experiments during immersion and emersion loops in water for
differently modified smooth and rough rectangular titanium discs.
The force curves reflect a range of typical wetting phenomena that
can be observed. Hysteresis between advancing and receding
might be constant during multi-loop Wilhelmy runs, thus indicat-
ing thermodynamic CA hysteresis, as typically observed on smooth
commercially pure (cp) titanium surfaces (Fig. 5a). The receding
CAs, depending on the surface history, may range on smooth tita-
nium from 0 up to 50, while the advancing CAs often are near
90 or smaller. This distinct hysteresis can be reduced, for example,
by the adsorption of macromolecules onto the surface, as depicted
in Fig. 5b. Here, adsorption of albumin led to a stepwise shift of the
advancing force loop towards increased hydrophilicity.
The latter is just an example of how the Wilhelmy plate method
has generally allowed the investigation of dynamic changes of CAs
during biomaterial surface/protein interactions [56,81–83]. At
polymeric surfaces, it was observed that both advancing and reced-
ing CAs underlie changes during protein adsorption [56,84]. An in-
crease in hysteresis due to shifts of the receding CA only was
observed with very low protein concentrations on fluoropolymers,
indicating a concentration-dependent sensitivity of advancing and
receding CAs [56,85]. Thus, an increase in hysteresis can be attrib-
uted to the surface heterogeneity of a patchy overlayer of adsorbed
protein [84], whereas a decrease in hysteresis is caused by surface
homogenization due to further protein adsorption.
In recent years, in the field of biomaterial/protein interactions,
dynamic CA analysis has been combined with different analytical
Fig. 5. Wetting phenomena on smooth and rough titanium surfaces based on thermodynamic and kinetic hysteresis observations during tensiometric multi-loop Wilhelmy
runs. (a) Thermodynamic hysteresis of a typical cp titanium surface that was ultrasonically cleaned. (b) Protein (i.e. albumin) adsorption on smooth titanium leading to
hydrophilization and minimized hysteresis. (c) Initial hydrophobic wetting behavior and thermodynamic hysteresis of microrough titanium surfaces during initial wetting
(first loop) and typical shift of microstructured titanium surfaces to hydrophilization during following immersion loops. (d) Constant superhydrophilic wetting behavior of
microrough titanium that was either chemically modified [32,62] or modified by nanoscale polycrystalline anatase thin films and irradiated by short-term UV-A [90]. (e, f)
Initial hydrophilic wetting behavior and time-dependent step-wise shift to hydrophobicity during following immersion loops of (e) air-based RFGD plasma-treated titanium
and of (f) acid-etched titanium (Kroll etchant containing HF and HNO3). After the tenth loop both surfaces resemble the hysteresis of untreated cp titanium.
2900 F. Rupp et al. / Acta Biomaterialia 10 (2014) 2894–2906
Author's personal copy
methods such as reflectometry [86], quartz crystal microbalance
[2,87], scanning force spectroscopy [88] or different methods of
immunological or biochemical assays for protein quantification
[2,78]. Many studies have confirmed that concentration-dependent
CAs provide a unique measure of solid–liquid adsorption that has
potential in biomaterials research applications involving proteins,
as proposed two decades ago [89].
Strong advancing shifts could also be observed on microstruc-
tured sandblasted and acid-etched titanium surfaces (Fig. 5c).
Whereas the first force loop reflects a very pronounced hysteresis
between wetting and de-wetting, confirmed here by the calculated
corresponding advancing and receding CAs of 140 and 0, a sud-
den shift from hydrophobic to hydrophilic occurred between the
initial and all following immersion loops. Indeed, sandblasted
and acid-etched surfaces, together with other microstructured tita-
nium implant surfaces, are characterized by such kinetic hysteresis
[32]. In contrast, microstructured sandblasted and acid-etched sur-
faces with increased hydrophilicity exhibit no apparent hysteresis
[32,62] (Fig. 5d). Such superhydrophilic wetting has been observed
on such hydrophilized specimens and on UV-A activated additive
anatase surface modifications of titanium [90].
In the examples presented until now, kinetic hysteresis was
caused by an advancing shift towards increased wetting tension.
But also the opposite is possible if titanium is freshly prepared
by etching procedures. As shown in Fig. 5e and f, plasma-treated
or acid-etched titanium samples are initially extremely hydro-
philic, showing very small hysteresis for short periods of time.
However, these surfaces undergo a very fast hydrophobization of
the advancing CA during tensiometry, accompanied by a corre-
sponding increase in hysteresis that finally resembles the wetting
state observed with untreated cp titanium [91]. Thus, wetting of
titanium in general, but especially the advancing CA, is very
variable.
4.2. Wettability models on rough surfaces
As outlined above, wetting phenomena such as CA hysteresis or
(super)hydrophobicity, both observed on the titanium oxide sur-
face of titanium implants, are closely related to the surface topog-
raphy. Fundamental theories of roughness-induced wetting were
initially described about 70 years ago [92,93] and are still under in-
tense research due to their widespread technical and biomedical
importance. The Wenzel theory evaluates cases in which a wetting
liquid completely fills a rough surface topography, including all
indentations and pores (Fig. 6). The roughness factor (rW), as sug-
gested by Wenzel, modulates the immeasurable Young CA (hYoung),
thus leading to the experimentally accessible apparent Wenzel CA
(hW):
cos hW ¼ rW cos hYoung ð14Þ
The roughness factor has been defined as ratio of the real sur-
face area to the projected surface area and is therefore on rough
surfaces always > 1. The roughness factor is difficult to determine,
but the hybrid 3-D roughness parameter Sdr, also known as the
developed surface area ratio [15], may be used to estimate the
Young CA by combining Eqs. (14) and (15) [94].
rW ¼ 1þ Sdr ð15Þ
Sdr expresses the ratio of the increment of the interfacial surface
area and the projected area. Sdr = 0 refers to a totally flat surface,
while for example Sdr = 0.5 indicates an additional surface area of
50% contributed by the texture as compared to an ideal plane. Of
practical relevance is an important outcome of Wenzel’s relation:
because of the sign of the cosine, hydrophilic surfaces with CAs be-
low 90 become more hydrophilic by roughening and hydrophobic
surfaces become more hydrophobic if the surfaces are roughened.
In the research field of superhydrophobic surfaces, it has been
known for several years that roughness has to be applied to hydro-
phobic surfaces to further increase their hydrophobicity. Notewor-
thy is the fact that by chemical modification alone, without
induced roughness (e.g. smooth fluoropolymeric or wax surfaces),
CAs scarcely exceed 120. CAs in the range of 125 to nearly 180
are mainly induced by roughness. Recently, Marmur suggested
that rough surfaces with CAs beyond the chemically induced
hydrophilic or hydrophobic CAs of the unroughened surface should
be referred to as parahydrophilic or parahydrophobic [38].
A well-known example of superhydrophobicity is exhibited by
the ‘‘lotus’’ surfaces, so-named according to the superhydrophobic
surface of the leaves of the sacred lotus plant, which causes water
drops to easily roll off and serve as a self-cleaning mechanism to
remove particulate contamination from the leaves [95]. Since its
discovery, this effect has been found on many plant surfaces and
is primarily caused by a combination of micro- and submicro struc-
tures. The roughness of the lotus surface is generated by papillose
epidermal cells and epicuticular wax crystals, which can entrap air
beneath the water drops and lead to CAs exceeding 150. Resting
like a fakir on his bed of nails, a water drop on such a rough surface
interacts with a heterogeneous surface composed of the solid
material and air (Fig. 6). This wetting situation has been described
by Cassie and Baxter [92], who recognized the relation between the
apparent CA (hCB) on a heterogeneous surface and the respective
area fractions f1, f2, and so on, of the components with their
respective individual Young CAs. If heterogeneity is caused by air,
the CA of water on air should be 180 and the Cassie–Baxter equa-
tion is as follows:
cos hCB ¼ f cos hYoung þ f  1 ð16Þ
where f is the area fraction of the solid in contact with the liquid, or
in other words, the top portion of all surface protrusions that inter-
act with the liquid and not the surface roughness itself [94]. Strictly
speaking, Eq. (16) is limited to surface pillars with flat tops.
The Wenzel and Cassie–Baxter wetting regimes are helpful in
understanding the wetting states of biomaterial surfaces, most of
which have some level of surface roughness, especially when eval-
uating strongly hydrophobic CAs beyond 120. In the case of micro-
rough blasted and acid-etched titanium implant surfaces, high CAs
are most probably caused by air trapped underneath the water
droplets, according to the Cassie–Baxter regime. However, due to
innate surface heterogeneities at the micro- and nanoscales of
these industrially produced implants, the possibility exists that
some regions of the surface present full liquid penetration into
the topography and others show partial or no penetration, increas-
ing the complexity of the surface wetting calculations.
As will be shown ahead, insights into the respective wetting
regimes are essential for calculations of SFE on rough or heteroge-
neous surfaces. A general problem of wetting science is concerned
with determining which CAs amongst the available static and dy-
namic CAs are related to the Wenzel or Cassie–Baxter CAs in Eqs.
(14) and (16), respectively. Or, in other words, which apparent
CA is the one that can be linked with the Young CA in order to
quantify SFE parameters?
Advancing and receding CAs generally determine the upper and
lower limits of a range of apparent CAs a drop may rest at in a
metastable state on a real surface [37]. The Wenzel or Cassie–Bax-
ter CA lies somewhere in between. Certain techniques have been
developed to allow a drop to reach a more stable equilibrium CA
on a given surface, characterized by minimized Gibbs energy. To
overcome Gibbs energy barriers and thus to measure CA of the
drop in its most stable equilibrium on a solid, vibrations have been
experimentally applied during goniometric as well as tensiometric
CA analyses [41,51,52,80,96–98]. In addition, the CA in most stable
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equilibrium can be roughly estimated based on the average of
advancing and receding CAs [50]:
hmost stable ¼ ðhadv þ hrecÞ2 ð17Þ
However, Eq. (17) is not rooted in any fundamental theory and
should be carefully applied [37,51,80].
At this point is clear that the type of CA that is measured during
any wetting analysis is of essential importance [37]. From a theo-
retical point of consideration, the valid calculation of SFE of a solid
material based on Young’s equation, as described in Eq. (5), can
only be performed using CAs of drops that are resting in thermody-
namic equilibrium on an ideal solid surface. On rough and hetero-
geneous surfaces, the Wenzel and Cassie–Baxter equations seem to
be good approximations for the most stable CA, associated with the
lowest possible Gibbs energy of the wetting system, given that the
drop size is sufficiently large compared with the scale of roughness
or chemical heterogeneity [37].
To summarize, SFE calculations of rough or heterogeneous
surfaces are generally based on the Young equation. However,
the required Young CA of a liquid on the respective non-ideal solid
cannot be directly measured, but has to be achieved considering
the most stable CA, either by averaging the advancing and receding
CAs, or by directly measuring this most stable state via applying
vibrations to the system [37]. In addition, in the case of rough sur-
faces the roughness factor has to be considered to finally get the
Young CA from the Wenzel equation, which is not a trivial param-
eter to calculate for the case of randomly patterned surface modi-
fications generally used for implant applications.
Two further models have to be discussed that allow the predic-
tion of superhydrophobic CAs on rough surfaces but without
requiring a hydrophobic CA on the original, unroughened material
surface. In other words, there are certain surface topographies that
are able to make a hydrophilic material hydrophobic, against the
Wenzel prediction that roughness should lower the CA in this case.
The first are self-affine, mushroom-type or, generally termed, sur-
faces with multivalued roughness features, where the roughness
valleys are interconnected and also connected to the atmosphere
[99,100]. Conversely, the second model includes closed-pore, also
known as honey-comb surface structures, where single pores are
Fig. 6. Wetting analysis on non-ideal rough and/or heterogeneous biomaterial surfaces. Role of the most stable CA for modeling wetting according to the homogeneous or
heterogeneous wetting regimes and for the estimation of the Young CA, essential for SFE approaches (based on CA definitions in Ref. [37]).
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not connected [100,101]. In this case, since the pores are com-
pletely enclosed as soon as the wetting liquid rests upon the sur-
face, the liquid will not totally penetrate into the pores because
the pressure of entrapped air will increase and thus prevent a com-
plete filling.
At the moment, it is still a puzzling issue to determine which
amongst the available models should be applied to a specific com-
plex microstructure [101].Therefore, in the next chapter, we will
summarize our current state of knowledge of possible applications
of the described models to the observed wetting phenomena on
microrough titanium surfaces.
4.3. Application of wetting models to titanium surfaces
A recent study increased our understanding of titanium wetting
by performing wettability analyses with several of the techniques
described in Section 2, specifically ESEM and classical optical
sessile drop on microstructured and micro-/nanostructured im-
plant surfaces [33]. Both types of surfaces, microstructured alone
and combined micro-/nanostructured, exhibited more hydro-
philic CAs with condensed, nucleated droplets in the submicroscale
range as evaluated by ESEM, when compared to deposited sessile
drops.
This study, in agreement with earlier experimental results
showing strong hydrophobicity evaluated with sessile microdro-
plets [62,78], suggests that the classical sessile drop method de-
tected a heterogeneous air/material surface (i.e. Cassie–Baxter
regime), whereas the smaller, condensed droplets completely filled
the material surface structure and avoided any chemical heteroge-
neity (i.e. Wenzel regime). These results also support studies by
other groups, who have observed the evolution of condensed
droplets produced on superhydrophobic model surfaces starting
with nucleation at the bottom of surface features and resulting in
drops finally resting in a Wenzel state, whereas droplets deposited
on the same surfaces appeared in a more hydrophobic Cassie–Bax-
ter state [102,103].
Assuming aWenzel state for the observed nucleated droplets on
the microrough titanium specimens, representing an apparent CA
of 50 and a roughness factor of 1.7 (unpublished Sdr roughness
data of 0.7 based on stereo-SEM data), Eq. (14) allows the calcula-
tion of the Young CA of the sandblasted and acid-etched surface to
be 67. Thus, the blasted and etched surface appears to have a
moderate hydrophilicity when dealing with condensed water
droplets. Further studies have to investigate if condensed droplets
are equal to the most stable CA or if vibrations have to be applied
on such systems. Inserting now the Young CA of the sandblasted
and acid-etched surface of 67 into Eq. (16) and using the macro-
scopically measured, hydrophobic CA of 140 (under the assump-
tion of a most stable CA), one gets an area fraction f of the solid
sandblasted and acid-etched surface in contact with liquid of
17%. Thus, water faces predominantly air during the first contact
with this implant surface in the sessile drop method.
Fig. 6 summarizes the experimentally accessible and theoreti-
cally derived CAs in the field of microrough dental implant surfaces
and their meaning for SFE calculations. Exemplarily shown here
are static CAs of deposited or condensed sessile drops as well as
advancing and receding CAs by tensiometry. The most stable CA,
characterized by the lowest possible Gibbs energy of the wetting
system, can be accessed, as outline above, either by vibrations or
by averaging advancing and receding CAs [37]. Finally, applying
the Wenzel equation in the case of rough surfaces leads to the
Young CA, a prerequisite for SFE calculations.
The above-mentioned lotus surfaces represent, besides others, a
special type of superhydrophobic surfaces that have evolved in
Fig. 7. Examples of hierarchically structured surfaces that lead to hydrophobicity: (a) sacred lotus leaf surface, courtesy of Barthlott and Neinhuis [95] and (b) sandblasted
and acid-etched titanium surface. Such composite or hierarchical surface structures, formed on many plants by a combination of two (or more) layers with structures at
different scales, is built by convex cells (in the range of 10–50 lm), and a much smaller superimposed layer of hydrophobic 3-D wax tubules (at the scale of 100 nm) [79,106].
In the case of the sandblasted and acid-etched implant, the surface has concave grooves generated by sandblasting (in the range of 5–70 lm), and by wet acid etching that
creates pores of different shapes (in the range of several hundred nanometers up to 3 lm).
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nature. Strongly hydrophobic, microrough implant surfaces show a
certain analogy to lotus surfaces, also being hierarchically struc-
tured in the case of combined blasted and acid-etched surfaces
(Fig. 7). This hierarchy in their microstructure might, at least par-
tially, force a Cassie–Baxter wetting regime and explain the quite
different wetting behavior compared to smooth titanium surfaces.
However, the Cassie–Baxter regime, as is the case for lotus sur-
faces, is typically characterized by a very small CA hysteresis
[102].This is not the case for microrough titanium surfaces, as we
saw before (Fig. 5c).
The observation that water drops do not always roll off from
blasted and etched titanium surfaces when they are tilted indicates
high adhesive forces and rather resembles the so-called petal effect
[104]. Petal effects have been observed on plant surfaces with hier-
archical micro- and nanostructures, being both larger than those
found on the lotus leaf, thus inducing a high CA hysteresis. Feng
et al. explained this wetting behavior using the Cassie impregnat-
ing wetting regime, where water droplets are expected to enter
into the larger scale grooves of the petal but not into the smaller
ones, leading to a wetting state where larger grooves are wetted
but plateaus that are superimposed with smaller grooves are dry
[104]. According to this model it is possible that the larger blasted
grooves on the titanium surface can initially be filled with water, at
least partly, while the smaller etched pores cannot, thus explaining
that the surface is strongly hydrophobic with simultaneous strong
adhesive forces.
Fig. 7 also illustrates that blasted and etched titanium resem-
bles a closed-pore surface structure due to the chemically etched
pores. Therefore, the trapped air, fully isolated from the outer
atmosphere, might force the Cassie–Baxter situation. The effect is
similar to the petal effect in that the surface is not fully in liquid
contact but air is trapped inside the closed pores, thus forcing high
CAs. It can be assumed that during the first receding loops of dy-
namic measurements a thin layer of liquid does stay in the outer
part of the pores, thus inducing the very low receding angle and
the fully wettable state from the second advancing loop onward.
In contrast, in the case of hydrophilized, sandblasted and acid-
etched surfaces that have been chemically modified, superhydro-
philicity indicates a spontaneous and complete filling of all surface
pores.
From the above discussion, it follows that currently the ob-
served wetting phenomena on titanium implant surfaces cannot
be fully based solely on the Cassie–Baxter and/or Wenzel regime.
If a transition from a Cassie–Baxter to a Wenzel state, as reported
by Lafuma and Quéré or by Ishino et al. [102,105], can be assumed
for the complex structured blasted and etched titanium surfaces, is
still unclear.
Even though the different available wetting models increase
our understanding of wetting phenomena, we are far away
from predicting the wetting state of a complex structured bio-
material surface. Therefore, considering the available theoretical
and applied knowledge of roughness induced wetting seems
imperative to avoid producing biomaterial surface topographies
with undesired wetting behavior. Due to the capability of
micro- and nanoscale surface modifications to affect wetting,
be it due to direct alterations to the surface energy or from in-
creased surface area for carbon adsorption, these surfaces
should be further analyzed and monitored in emergent new
technologies.
In clinical applications, the initial surface wetting of a blasted
and acid-etched dental implant with blood can be assumed to fol-
low the Cassie–Baxter regime. Consequently, at least during the
initial physiological interactions between blood and the implant,
it is possible that only a very small portion of surface area, the
top of the protrusions on the surface, are interacting with blood
and the rest is predominantly entrapping air.
5. Conclusions
Considering the different types of theoretically based and exper-
imentally accessible CAs, the different approaches to get the most
reliable and stable CAs, and being aware of the ongoing discussion
about the applicability of the different mathematical approaches
for the calculation of SFE based on Young’s equation, it seems that
our understanding ofwetting of real implant surfaces is still in its in-
fancy. Therefore, the control andmodulationof thewettingbehavior
as important requirements thathave to be fulfilled in order to render
abiomaterialwithgoodbiological performance are interdisciplinary
challenges. According to the reviewed state of knowledge, the fol-
lowing summary and questions of interest can be outlined.
(1) Hydrophilic surfaces can facilitate the initial interactions
between the surface and the wetting liquid, which is rele-
vant for wound healing and osseointegration. However, is
superhydrophilicity necessary, or is there a CA range of
interest for the best biological performance?
(2) Surface roughness has a significant effect on the wetting
behavior, as well as a significant role in the process of osseo-
integration. Yet, will the required range of CAs to improve
biological performance be attainable on the new generation
of micro-/nanorough surfaces?
(3) New experimental approaches that use smaller (nano) drop-
lets and provide more stable CAs will enhance our under-
standing of the wetting of implant surfaces at microscopic
scales. Still, can the influence of the different wetting
regimes be identified and even quantified in real-life com-
plex surfaces?
(4) Wetting behavior including surface contaminations of
implants needs to be critically evaluated to try to determine
implant outcomes. Can these parameters be truly controlled
up to the time-point of its surgical insertion?
(5) The reviewed principles for the wetting behavior of dental
implants are relevant for oral, maxillofacial and orthopedic
implant surfaces to produce implants that can promote bone
effectively, even in compromised patients.
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Appendix A. Figures with essential color discrimination
Certain figures in this article, particularly Figs. 1, 2, 4, 6 and 7,
are difficult to interpret in black and white. The full color images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.02.040.
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